



Over the last decades, Computation Fluid Dynam-
ics (CFD) methods became a mature research tool to 
solve ship hydrodynamics problem and they also 
started to be considered for industrial applications at 
different stages of the design. This was possible 
thanks to the easier access to computational resources 
and to the theoretic improvements to the numerical 
solution of always more complex physical problems 
such as multi-phase and free surface flows. Consider-
ing these progress in hardware solutions and CFD 
techniques, some standard hydrodynamic problems in 
naval architecture can now be quite easily resolved in 
the framework of the so-called Virtual Towing Tank. 
This is the case for instance of performance predic-
tion of the hull resistance advancing in calm water or 
of the propeller efficiency.  
Both commercial and open-source software reach 
similar confidence levels when compared to experi-
mental measurements (as shown in Larsson et al. 
2015). All the applied solvers demonstrate to be able 
to predict the total hull drag in calm water within an 
error of 1-2% maximum. This is an encouraging re-
sult considering that the same accuracy has been 
shown in the experimental procedures reported by the 
International Toking Tank Conference (ITTC 2017), 
with different facilities performing the same test and 
cross-comparing each other measurements.  
Recently, both modern commercial and open-
source CFD software have been demonstrated to ac-
curately predict e.g. both the planning hulls perfor-
mance (Ferrando et al. 2015) as well as that of dis-
placing ships (Gaggero et al. 2015). Moreover, it was 
possible to achieve these results at a relatively low 
computational cost. This is particularly important in 
order to allow to consider these type of simulations in 
early ship design stages and as viable alternative and 
complement (e.g. for typical medium size shipyards) 
to towing tank measurements. These modeling tech-
niques, indeed, can also be used to support experi-
mental campaigns, improving the knowledge of the 
flow field around the ship hull or for predicting the 
full-scale hull wake to the propeller to be further used 
as input for cavitation tunnel experiments (Tani et al. 
2017) or final propeller design.  
Accordingly, also propeller performance predic-
tion by CFD methods has significantly grown (see, 
among the other, Gaggero et al. 2017a, Gaggero et al. 
2010b, Gaggero et al. 2014b Gaggero et al. 2017d and 
Gaggero and Villa 2017b). The PPTC 2015 test case 
has been widely solved by using the open-source 
OpenFOAM libraries showing high accuracy both in 
cavitating and sub-cavitating regimes. Propeller de-
sign by optimization has been extensively and suc-
cessfully completed by using both viscous unsteady 
Reynolds Averaged Navier Stokes (URANSE) solv-
ers and ad-hoc developed Boundary Element Meth-
ods (BEM) (Gaggero et al. 2017c).  
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ABSTRACT: Classic hydrodynamics-related ship design problems can nowadays be approached by CFD vis-
cous solvers. Ship self-propulsion performance prediction represents one of the most interesting problems in 
this framework. The capabilities of CFD codes to resolve accurately the separate problems (open water propel-
ler performance and hull resistance) have been demonstrated over the last decades. The complexity of the com-
bined problem (and, in turn, the required computational time) has restricted its solution to research applications 
still far from everyday industrial practice. Some approaches have been developed to reduce the computational 
burden, based e.g. on simple actuator-disk theory or, recently, on BEM/RANS coupled solvers. In this respect, 
different approaches exploiting the open-source solver OpenFOAM are presented, focusing on the main self-
propulsion parameters. In addition, a new numerical strategy able to provide more information compared to 
classical simplified approaches, is herein presented and validated against experimental measurements on the 
well-known Kriso Container Ship (KCS) test case.  
Despite the aforementioned solutions are nowa-
days considered as everyday practice at least by large 
and medium-size companies, there are still several 
problems that are the object of research. This is 
mainly due to the relatively high computational effort 
required for those solutions, as the case of seakeeping 
(Grasso et al. 2010, Guo et al. 2012 and Deng et al. 
2010, Bonfiglio et al. 2016) or ship manoeuvring in 
in calm water and waves (Sung and Park 2015,  Fer-
rant et al. 2008).  
Another complex problem is represented by self-
propulsion performance prediction, i.e. the evaluation 
of the propeller revolution rate when operating in the 
hull wake considering all the mutual interactions be-
tween the ship and the propeller (and possibly other 
appendages and/or the rudder). In addition, the equi-
librium between the propeller thrust and the hull re-
sistance at the design speed need to be reached. In 
fact, one of the main issues related to this condition is 
the increase in computational time. This is due to the 
very different time scales between the free surface 
flow around the hull and the flow closed to the pro-
peller. Usually, the solver is constrained to impose a 
time-step defined by the faster flow dynamics, usu-
ally related to the propeller, while the total computa-
tional time is correlated to the hull flow, i.e. the one 
with the slower dynamics. The overall computational 
time can be much higher than those required to solve 
both problems separately. Simplified numerical strat-
egies designed to reduce the overall computational ef-
fort, possibly limiting the loss of accuracy, have been 
recently proposed, ranging from simple actuator disk 
models (Carrica et al. 2013 and Fu et al. 2015) up to 
BEM/RANS coupled approaches (Villa et al. 2011, 
Gaggero et al. 2017c, Kim et al. 2006 and Alexander 
et al. 2009). Despite the propeller effects are included 
in the hull performance evaluation, the simplest meth-
ods based on actuator disks are not able to provide the 
complete set of data usually derived from self-propul-
sion tests (i.e. the propeller rate of revolution at equi-
librium).  
The proposed research focuses on the systematic 
comparison of different strategies, already success-
fully applied to investigate the rudder/propeller sys-
tem (Bruzzone et al. 2014, Villa et al. 2017), to tackle 
the self-propulsion problem. In addition, a new pro-
cedure able to provide a wider set of useful infor-
mation also from simplified actuator disk based cal-
culations is presented and validated by comparison 
against available experimental measurements and 
higher fidelity (BEM/RANS coupling and full RANS 
analyses) calculations. 
2 TEST CASE 
The well-known KRISO Container Ship (KCS) is 
used as a numerical benchmark in the present study. 
Table 1 reports the main model data and Figure 1 
shows a profile view of the underwater hull shape 
(Larsson et al. 2015). A scale ratio of 1/31.6  has been 
used. All the simulations have been performed at the 
ship design speed equal to 24 knots, corresponding to 
a Froude number of 0.26. The self-propulsion predic-
tion has been carried out considering the hull with its 
propeller but without the rudder to reproduce the 
same configuration adopted during the experimental 
measurements (as reported in Larsson et al. 2015). As 
requested by the ITTC’78 procedure, a Skin Friction 
Correction (SFC) equal to 30.3N is included. The 
towing tank test has been performed with the ship free 
to sink and trim. The dynamic attitude computed in 
towing conditions has been kept fixed during the self-
propulsion numerical simulations. 
 
 
Figure 1. Sketch of the KCS test case hull shape. 
Table 1 KCS main data in model scale 
Ship data in model scale  Symbol Value 
Length between perp. LPP [m] 7.2786 
Length of waterline  LWL [m] 7.3577 
Max. beam at waterline  BWL [m] 1.0190 
Draft  T [m] 0.3418 
Displacement volume   [m3] 1.6490 
Wetted surf. area w/o rud-
der  
SW [m2] 9.4379 
Propeller center,  (from FP) x/LPP 0.9825 
Propeller center, (below 
WL) 
z/LPP -0.02913 
Prop. rotation dir.   clockwise 
3 NUMERICAL MODEL: APPROXIMATION 
OF THE PROPELLER EFFECT 
The open source OpenFOAM libraries have been 
used to investigate the KCS self-propulsion condi-
tion. This suite provides a wide type of solvers and 
pre/post processors designed to solve most of the flow 
problem in the engineering field. One of the goals of 
this work is, in fact, to test a full license-free approach 
on a particular and complex naval hydrodynamic 
problem. In this light, both the built-in Cartesian hex-
dominant mesher snappyHexMesh and the interDyM-
Foam solver have been applied. The necessary tuning 
of this meshing tool often represents the bottleneck of 
such kind of applications but its rich features, which 
can be freely customized and parameterized, ensure 
the generation of high-quality meshes, mandatory for 
the so-called “Virtual toking tank” computations. 
 
 
Figure 2. KCS mesh layout with hull wake detail (right). 
 Figure 2 shows an overview and a close-up of the 
generated mesh. The figure highlights the free-sur-
face vertical refinement, essential to properly capture 
the hull generated wave pattern, and the horizontal re-
finements inside the Kelvin region (which extends for 
about ±20° from the bow of the hull). In addition, due 
to the need of resolving the hull-propeller interaction, 
a finer mesh has been clustered on this region. A final 
mesh of about 3 million cells is used for the whole 
computational domain.  
Regarding the solver set-up, two approaches have 
been used to address time discretization: the Local 
Time Step (LTS) approach for steady solutions and 
an implicit time marching scheme for transient solu-
tions. The two approaches need different computa-
tional resources: the first is faster but can be only used 
if a steady free surface solution is expected while the 
latter, that is the slower, requires higher computa-
tional resources because the solution time-step is con-
strained by the maximum admissible Courant num-
ber. Turbulence has been modeled using the SST k-ω 
formulation. A more detailed description of the mesh, 
domain and of solvers characteristics can be found in 
Gaggero et al. (2015) and Gaggero et al. (2017a).  
As mentioned, the exploration of the cost/benefit 
balance resulting from different approaches when in-
cluding the effects of the propeller working behind 
the hull is one of the main goals of this research. Sev-
eral approaches have been considered with different 
levels of complexity:  
 
 The simpler constant translational actuator disk 
which includes only the thrust force (CDT), uni-
formly distributed over the entire propeller disk 
(Figure 3a), 
 The rotor-translational disk, which includes also 
the torque moment (CDTQ), uniformly distributed 
over the entire disk (Figure 3b), 
 The radially varying actuator disk, which consid-
ers the radial distribution of propeller force and 
moment (RDTQ), as per Figure 3c, 
 The radial-tangential varying actuator disk which 
considers also the circumferential variation of 
forces generated by propeller in a non-uniform 
wake (RTDTQ), as per Figure 3d, 
 The BEM/RANS coupled approach (Figure 3e), 
originally developed in Villa et al 2011.  
 The full-RANS approach (Figure 3f) where the 
propeller is fully resolved in the RANS solver. 
This is used as the reference. 
 
The comparison of the costs/benefits of different 
propeller approximations has been previously ana-
lyzed in Bruzzone et al. (2014). Those methods have 
been used to resolve the propeller/rudder interaction, 
comparing the generated flow fields and focusing on 
the accelerated flow field and its interaction with the 
rudder. In the present paper, due to the absence of the 
rudder, the focus will be on the model interaction with 
a body (the hull) located in front of the propeller re-
gion.  
A dedicated implementation of these actuator 
disks in the OpenFOAM framework has been devel-
oped adding a new fvOption class method. Each of the 
proposed models requires a different level of 
knowledge of the propeller geometry and functioning. 
This makes them suitable at different ship design 
stages. For example, the BEM/RANS coupled ap-
proach requires the detailed propeller geometry 
knowledge and the availability of an unsteady BEM 
solver, restricting its application only at an advanced 
design stage. On the contrary, the CDT model requires 
only the propeller diameter, commonly known since 
the preliminary design stages. 
Figure 3 displays some perspective views of the 
described models with their own forces distributions.  
  
 
(a) Constant Disk - Thrust (b) Constant Disk – Thrust 
and Torque 
 
(c) Radial distributions of 
Thrust and Torque 
(d) Radial/tangential distri-
butions of Thrust and 
Torque
 
(e) Coupled BEM/RANS (f) full RANS
Figure 3. Distribution of forces imposed in the simplified models 
and propeller geometry. 
The two simpler models, CDT and CDTQ, distribute 
uniformly the thrust force on the whole propeller disk 
region; the latter adds also a homogeneous tangential 
force proportional to the imposed torque. These mod-
els require only the knowledge of the propeller diam-
eter and, for the second one, a preliminary estimation 
of the propeller efficiency, being the thrust always 
equal to the ship drag. These data commonly are 
known or can be estimated, since from the prelimi-
nary ship design stages. As demonstrated in Bruzzone 
et al. (2014), these simple and efficient models are not 
able to generate a reliable propeller wake, which can 
be obtained instead by the radial varying actuator disk 
model. The RDTQ approach distributes both axial and 
tangential forces following expected blade force dis-
tributions along the radius (those computed from a 
lifting line design approach, for instance), therefore 
increasing the axial force at r/R about equal to 0.7. 
This model, which has been previously demonstrated 
to be able to reasonably predict the propeller wake 
field, is not able to take into account the blade force 
variation during a revolution due to the presence of 
the non-uniform hull wake. The influence of this un-
steadiness is, instead, partially included with the 
RTDTQ model, which shows, as in Figure 3, the typi-
cally increased distribution of forces on the upper-left 
part of the disk where a slower wake interacts with 
the propeller blade, increasing its load. Both RDTQ 
and RTDTQ models, compared to the constant disk 
ones, require more detailed propeller information 
(propeller force radial and/or tangential distributions 
and unsteady functioning), which can be provided, for 
example, by a simplified potential method as lifting 
line/lifting surface, BEMT or BEM codes. In the pre-
sent work, these data have been computed by a dedi-
cated BEM code (Gaggero 2010a), which has been 
also used to compute the body force distributions nec-
essary for the BEM/RANS coupling. Behind the 
BEM/RANS coupling, indeed, there is the prediction 
of unsteady blade forces with the Panel Method, 
which turn into the unsteady body forces to be in-
cluded into the RANS domain, and the iterative pre-
diction of the effective wake by subtracting the pro-
peller self-induced velocities (BEM) from the total 
velocity field (RANS) in front of the propeller.  
  
3.1 Self-propulsion procedure 
One of the most challenging aspects related to the 
self-propulsion simulation is the evaluation of the 
self-propulsion parameters (thrust deduction factor 
and wake factor) especially when simplified models, 
like actuator disks,  are used.  
When a full-RANS approach is used, the same pro-
cedure adopted in the experimental activities can be 
implemented. Setting the desired ship velocity, an in-
itial propeller revolution rate is imposed (commonly 
defined by means of the nominal wake and the open 
water propeller curves), then, computing both the hull 
actual drag and the provided propeller thrust, the rev-
olution rate is varied until an equilibrium condition is 
obtained (considering also the SFC factor). As a re-
sult, the equilibrium thrust (T), the resulting thrust de-
duction factor (t), the torque (Q) and propeller RPS 
are found and, by means of the propeller open water 
curves, as prescribed by ITTC’78 procedures, the ef-
fective wake fraction (w) can be computed. 
When any actuator disk model is used, differently, 
only the equilibrium thrust and the consequently 
thrust deduction factor can be directly determined by 
the simulation. The effective wake fraction, on the 
contrary, needs a dedicated analysis. Considering that 
the propeller open water curves cannot be used be-
cause the propeller rate of rotation is unknown, the 
wake fraction can be directly evaluated by the integral 
of the velocity field in the propeller plane, as prelim-
inarily shown in Villa et al. (2011). Unlikely, this 
data, due to the presence of the body force region, is 
affected also by the self-induced velocities generated 
by the momentum source represented by the actuator 
disk. The proposed procedure intends to evaluate this 
latest contribution by means of a dedicated open wa-
ter simulation where the same actuator disk used for 
self-propulsion operates in a homogeneous mean 
nominal wake. In such way, an approximated self-in-
duced velocity field in the propeller plane (inside the 
body force disturbed region) can be directly evaluated 
and by subtracting it (Equation 1) from the total ve-
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where 	is the “total” velocity (Carlton, 2007) 
field computed by RANS on the propeller plane with 
the influence of the actuator disk and 
	 	 	 	  is the “total” velocity 
field on the propeller plane (including the influence 
of the actuator disk) of a simplified analysis where the 
actuator disk, operating in open water condition, is 
subjected to an uniform inflow equivalent to the nom-
inal wake of the ship in towing condition ( ∙
	 1 ). 
Once the effective wake (by Equation 1) and the 
thrust deduction factor are known, also the propeller 
revolution rate can be estimated by means of the nu-
merical (or experimental if available) open water pro-
peller curves. 
This procedure for the calculation of the effective 
wake, at the cost of a simple and trivial additional cal-
culation (actuator disk in uniform inflow equivalent 
to nominal wake), has been adopted for all the actua-
tor disk models. Differently, in the BEM/RANS cou-
pled approach, the effective wake has been estimated 
by directly computing the unsteady self-induced ve-
locities in front of the propeller using the Panel 
Method and iteratively exchanging body forces at a 
given revolution rate (from BEM to RANS) and total 
velocity fields (from RANS to BEM) as described in 
Gaggero et al. (2017c). The computed effective wake 
in one or more plane in front of the propeller are then 
extrapolated to the propeller plane, to have a more re-
liable estimation of the effective wake. The function-
ing conditions (thrust and the relative propeller rate 
of revolution) are consequently directly provided by 
the unsteady BEM calculations.  
An example of the application of Equation 1 is pre-
sented in Figure 4, where the mean wake fractions on 
a region equivalent to the propeller disk are computed 
at different longitudinal positions, being x/D = 0 the 
propeller plane (negative forward). In particular, the 
comparison is among the nominal wake (ship in tow-
ing condition), the “total” wake in self-propulsion 
condition (RANS with the CDT actuator disk model) 
and the “total” wake of the same actuator disk model 
subjected to a uniform open water inflow equivalent 
to the nominal wake of towing condition ( ∙
	 1 ). The resulting effective wake does 
not show anymore the “jump” due to the momentum 
sources representing the action of the propeller across 
x/D = 0 and, as expected, it is possible to appreciate 
that it is “faster” than the nominal wake while main-
taining a very similar behavior.   
 
 
Figure 4. Example (model scale with CDT) of the wake fraction 
variation along the longitudinal direction. 
This analysis, which has been applied to the wake 
fraction seen as the average of the velocities on the 
propeller plane, can be identically applied point by 
point on the propeller plane, opening (as shown in the 
next section) the way to the adoption of this procedure 
also for non-equilibrium conditions, as maneuvering 
ones.  
4 RESULTS 
Preliminarily to self-propulsion analyses, towing 
tank tests have been carried out and compared with 
literature data. Results are summarized in Table 2. A 
discrepancy lower than 1% has been found for the to-
tal drag coefficient and even lower discrepancies are 
present for the ship attitude. Results of present anal-
yses, which are within the numerical accuracy re-
ported in the Tokyo 2015 Workshop where several 
solvers and users experience have been compared, 
can be considered acceptable. To have a complete in-
sight into the reliability of the simplified procedure 
based on actuator disk calculations proposed to esti-
mate the self-propulsion propeller/hull interactions, it 
is important to verify also the accuracy in predicting 
the nominal wake, both in terms of average and local 
values. Results of this analysis are summarized in Ta-
ble 2 and in Figure 5. 
Differences in terms of average values are less 
than 3%. The computed nominal wake is slightly 
faster than the measured wake and this is mainly due 
to the underestimation of the velocity reduction in 
correspondence of the hull stern while maintaining an 
overall good similarity in terms of local distribution 
of velocity. 
Table 2. CFD and EFD comparison of the KCS towing tank test 
with model free to sink and trim. 
KCS ship Sinkage Trim CT 
‧103 
CF ‧103 1-w 
 [cm] [deg]    
CFD  1.391 -0.170 3.674 2.897 0.739 
EFD 1.395 -0.169 3.711 2.883 0.719 
 
Figure 5. Comparison between EFD (left) and CFD (right) nom-
inal wakes for the KCS in model scale at 0.26 Froude number  
Self-propulsion simulations have been carried out us-
ing all the propeller approaches outlined in Section 3. 
When simplified propeller methods (CDT to 
BEM/RANS coupling) have been adopted, calcula-
tions have been carried out exactly with the same 
mesh of the towing test analyses. On the contrary, for 
full RANS analyses, sliding meshes have been em-
ployed by using a dedicated inner, rotating, region 
where the propeller has been modelled. The exact rep-
resentation of the propeller required 1 Million of ad-
ditional cells, which significantly contributes to the 
total cells count.  
Table 3 Self-propulsion parameters comparison varying the ac-
tuator disk with the experimental data as reference 
Model Prop. Rev. Thrust 1-w 1-t 
 [RPS] [N]   
CDT  9.533 61.50 0.7695 0.8871 
CDTQ 9.581 62.50 0.7713 0.8710 
RDTQ 9.581 62.66 0.7704 0.8701 
RTDTQ 9.637 62.89 0.7778 0.8667 
BEM/RANS 9.570 64.20 0.7816 0.8494 
Full-RANS 9.656 62.77 0.7618 0.8688 
Exp. 9.500 65.15 0.7860 0.8460 
 
Furthermore, when the BEM/RANS coupling or 
the full-RANS approach is used, an unsteady solver 
is necessary. This aspect further contributes to the 
computational weighting of the calculations with re-
spect to the actuator disk models that, by representing 
the propeller as its average action on the flow, operate 
in steady mode. The increase of the computational 
time is particularly significant for the full-RANS 
analyses, being the simulation time step (about 0.5° 
of propeller rotation) strictly constrained by suffi-
ciently low Courant numbers. Table 3 reports a sum-











Nominal wake (towing cond.)
Total wake in self-propulsion
Open water CDT in equiv. wake
Effective wake
model compared to the experimental measures. The 
first four models (CDT to RTDTQ) use Equation 1 for 
the estimation of the effective wake and, coherently 
with their application (radial and tangential distribu-
tion of forces are obtained from initial estimation of 
propeller performances using BEM), make use of the 
open water propeller curves from BEM calculations 
to estimate the propeller rate of revolution. For the 
BEM/RANS coupling, the propeller rate of revolution 
is a direct result of the analysis and the wake fraction 
is the spatial average of the distribution of velocities 
on the propeller disk once propeller self-induction is 
subtracted, at convergence, from total velocities. For 
full RANS, instead, the wake fraction is obtained, in 
analogy to ITTC’78 experimental procedures, from 
the open water propeller curves estimated with the 
RANS itself.  
 According to the reported results, it is evident that 
the interaction between the hull and the simplified 
propeller models is only slightly influenced by the 
adopted approach. The thrust at equilibrium (and, in 
turn, the thrust deduction factor) varies less than 4%, 
with a discrepancy in terms of predicted propeller rate 
of revolution lower than 1%. In addition, a certain 
convergence trend can be appreciated by looking at 
the results provided by the actuator disks models. As 
the model increases its complexity (from constant to 
radial and to radial/tangential distribution of forces), 
the predicted rate of revolution tends to the most com-
plete, full RANS, computation (even if discrepancies 
between open water propeller curves by BEM and 
RANS should be taken into account). BEM/RANS 
coupling, instead, shows slightly different results 
which, in the light of the analyses carried in Gaggero 
et al. (2014a), can be ascribed to the differences be-
tween equivalent open water calculations and un-
steady analyses with BEM when significantly radially 
varying wakes are considered. Overall, the agreement 
with experiments is good, also in the light of the nu-
merical results submitted to the Tokyo 2015 Work-
shop (Larsson et al. 2015). In this Workshop, the av-
erage predicted propeller rate of revolution was equal 
to 9.576 with a quite large dispersion of the data (±0.2 
RPS): current results, also those obtained with the 
simplified models, are exactly within the confidence 
reported in the Workshop.  
Figure 6 reports the velocity flow field computed 
in the propeller plane, then subjected to the accelera-
tion provided by the actuator disk models. Several as-
pects can be highlighted. 
The CDTQ model, compared to the CDT one, shows 
the rotational component of the velocity field related 
to the inclusion of the tangential momentum sources 
proportional to the torque.  
The distribution of axial velocity is not signifi-
cantly affected by the inclusion of tangential forces 
and the negligible differences  at  outer  radii  can  be 
(a) CDT model (b) CDTQ model 
(c) RDTQ model (d) RTDTQ model 
Figure 6. Computed wake in self-propulsion mode in the propel-
ler plane (seen from aft). (a) CDT, (b) CDTQ, (c) RDTQ and (d) 
RTDTQ. 
 
(a) CDT model (b) CDTQ model 
(c) RDTQ model (d) RTDTQ model 
Figure 7. Induced velocity fraction during open water test in the 
propeller plane. (a) CDT, (b) CDTQ, (c) RDTQ and (d) RTDTQ. 
ascribed mainly to the slightly different equilibrium 
point (i.e. higher momentum sources) predicted by 
the actuator disk accounting also for torque.  
Differently, the RDTQ model shows, as expected, 
an increased axial velocity in correspondence of 
r/R=0.7,  where  the  propeller  load,  and  in turn,  the 
(a) CDT model (b) CDTQ model 
(c) RDTQ model (d) RTDTQ model 
 
(e) BEM/RANS coupled model 
Figure 8. Predicted effective wake for the simplified propeller 
models. (a) CDT, (b) CDTQ, (c) RDTQ, (d) RTDTQ and (e) 
BEM/RANS coupled model. 
momentum sources, computed by the BEM, is higher. 
All these models (CDT, CDTQ, and RDTQ), as previ-
ously mentioned, are axially symmetrical, therefore 
do not include the different load experienced by the 
blades during a single revolution. The RTDTQ model, 
on the contrary, adds this effect by including the ac-
tual distribution of momentum sources at any angular 
position based on unsteady calculations by the Panel 
Method with the preliminary nominal wake as the 
spatial non-homogeneous inflow. This peculiarity is 
well observable in Figure 6d where the higher axial 
velocities on the starboard side are representative of 
the higher blade load when it operates into the tangen-
tial flow of Figure 5. These differences (and peculiar-
ities) among the various actuator disk models are fur-
thermore evidenced in Figure 7, where the propeller 
induced velocities are extracted from the equivalent 
open water tests needed by Equation 1. Almost uni-
form distribution of axial self-induced velocities 
when constant actuator disks (CDT and CDTQ) are 
used,  axisymmetric radial and tangential components 
when torque is added to the models (CDTQ), higher 
self-induced velocities in correspondence of higher 
local loads (RDTQ and RTDTQ respectively for radial 
and radial/circumferential distributions of body 
forces) can be highlighted as well. 
Figure 8, finally, shows the comparison of the ef-
fective wakes obtained by applying Equation 1 with 
the four proposed actuator disk models and with the 
extrapolated effective wake on the propeller plane 
from the BEM/RANS coupling. Regardless the actu-
ator disk model, predictions are very similar, both in 
terms of wake fractions (Table 3) and local distribu-
tion of velocities, to the effective wake by the 
BEM/RANS coupling which, among the approaches 
for the prediction of the effective wake as the differ-
ence between the total and the self-induced velocity 
fields (Carlton 2017), can be considered the most ac-
curate implementation. This confirms the consistency 
and the reliability of the simplified approach, which 
results consequently useful also for an initial estima-
tion of the flow field for wake adapted propeller de-
sign.   
5 CONCLUSION 
A systematic analysis of different methods to in-
clude the propeller effect in a viscous RANS solver 
to simulate a ship in self-propulsion condition has 
been carried out. Four simplified actuator disks mod-
els have been explored, comparing the results, both in 
terms of global self-propulsion parameters and local 
flow field variables, with the BEM/RANS coupling 
approach, with full RANS calculations, and with the 
available experimental measurements. 
Results from any of the proposed methods are 
good, especially in the light of the computational ef-
ficiency provided by the simplified approaches, 
which, consequently, could be applied during the pre-
liminary design phases with an already satisfactory 
level of confidence. The propeller rate of revolution 
is overestimated by all the methods but the highest 
difference (with the full RANS approach) is, how-
ever, lower than 1.5%. In this particular case, a certain 
underprediction (also in open water condition) of the 
propeller forces at moderate/high advance coeffi-
cients by RANS, widely evidenced in literature, could 
explain the highest predicted propeller rate of revolu-
tion. 
For the thrust deduction factor and the wake frac-
tion, the differences between measurements and pre-
dictions with the simplified actuator disk models or 
with the BEM/RANS coupling are almost negligible. 
The highest differences (when the simplest model, 
CDT, is applied), for both the quantities, are respec-
tively of 5% and 2%. As the complexity of the model 
increases, discrepancies are between 1 and 2.5%, 
which can be considered more than satisfactory in the 
light of simplification introduced in the model. As in 
the case of the prediction of the propeller rate of rev-
olution, full RANS calculations, especially for the 
prediction of the wake fraction, are significantly in-
fluenced by the inaccurate prediction of the open wa-
ter propeller curves.  
Also locally, the simplified approaches predict, al-
most regardless the considered model, very similar 
distributions of the effective velocity field. Together 
with the computational efficiency of the models (even 
higher than that of the BEM/RANS coupling which is 
usually considered a standard for an estimation of the 
effective wake field) this is a key point of the pro-
posed analysis, opening the opportunity to have, in a 
very preliminary design phase, a reliable estimation 
of all the quantities necessary for a wake adapted pro-
peller design.  
 The required steps for an even more robust ap-
proach consist of an extensive validation of these sim-
plified models, including in the analyses configura-
tions with shaft brackets, rudders and severe hull 
sterns generating strongly disturbed wakes.        
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